Background: Cell surface-associated enolase-1 regulates plasmin formation and thus pericellular proteolysis. Results: STIM1/ORAI1-mediated Ca 2ϩ influx controls enolase-1 exteriorization in cancer cells. Conclusion: Extracellular enolase-1 regulates migratory and invasive properties of cancer cells. Significance: Enhanced exteriorization of enolase-1 may aggravate the malignant behavior of cancer cells and thus contribute to metastasis formation.
Proteolytic systems are required for many physiological processes, including fibrin clot formation and dissolution, angiogenesis, and bone remodeling (1, 2) . The same enzyme systems are used by cancer cells to grow and spread. Among diverse proteases known to be involved in cancer invasion and metastasis, plasmin is the most extensively studied (3) (4) (5) . Plasmin is generated from plasminogen (PLG) 3 via limited proteolysis by either a tissue-type plasminogen activator (t-PA) or a urokinase-type plasminogen activator (6) . Accumulating evidence suggests that immobilization of PLG and its activators on the cell surface accelerates the conversion of PLG to plasmin (7, 8) , enhances the catalytic activity of plasmin itself (9) , and protects bound plasmin from inactivation by means of inhibitors (7, 10) . Plasminogen binding to the cell surface is mediated by a heterogenous group of PLG receptors, which are widely distributed on eukaryotic as well as prokaryotic cells (11) . Cell surface bound enolase-1 (ENO-1) is one of them. It primarily acts as a glycolytic enzyme localized in the cytoplasm (12) . However, under stimulatory conditions, it can be translocated to the cell surface where it interacts with PLG and thus participates in the regulation of pericellular proteolysis, allowing cells to invade tissue (13) (14) (15) . This fact can explain the positive correlation between high levels of ENO-1 present on the cell surface of cancer cells (16 -19) and their increased invasive potential (20, 21) . In agreement with this notion, patients with non-small cell lung cancer whose tumors expressed high levels of cell surface bound ENO-1 were found to have a poor survival outcome (22) .
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Inflammation has long been associated with tumor progression. LPS was shown to increase the invasion of hepatic cancer cells in mice (23) and to potentiate lung metastasis upon intravenous injection of mouse mammary carcinoma cells into animals (24) . LPS may contribute to tumor progression by activation of TLR-4 signaling pathway in cancer cells (25) and by the recruitment of inflammatory cells into the tumor microenvironment (26) . LPS-induced migration and invasion of inflammatory cells is accompanied by increased production and release of proinflammatory cytokines (27) , which display protumorigenic activities (26, 28) . Given the fact that LPS up-regulates cell surface expression of ENO-1 on monocytoic cells, thereby increasing their invasive potential (14) , LPS-triggered regulation of ENO-1-dependent pericellular proteolytic activity could represent another mechanism that contributes to cancer cell spreading and thus to metastasis formation.
Despite strong evidence demonstrating the importance of cell surface-associated ENO-1 in cancer cell invasion and metastasis formation, the driving factors governing ENO-1 translocation to the cell surface have not yet been identified. In the present study, we investigated the mechanism and the functional consequence of LPS-triggered ENO-1 transport to the cell surface and to the extracellular milieu.
EXPERIMENTAL PROCEDURES
Cell Culture-Human MDA-MB-435 highly metastatic breast carcinoma, human MCF-7 breast adenocarcinoma (both from ATCC, Manassas, VA), and human MDA-MB-231 metastatic breast carcinoma (LGC Standards GmbH, Wesel, Germany) cell lines were maintained in RPMI 1640 medium (Invitrogen Life Technologies) supplemented with 10% heatinactivated FCS (Hyclone, Cramlington, UK), 2 mM GlutaMAX, and 1% penicillin/streptomycin (both from Invitrogen Life Technologies). Human mammary epithelial cells (Invitrogen Life Technologies) were cultured in DMEM (Invitrogen Life Technologies) supplemented with FCS and 1% penicillin/ streptomycin. Cell cultures were maintained at 37°C in a humidified incubator with 5% CO 2 .
Immunohistochemistry-Formalin-fixed tissues were obtained from patients with ductal breast carcinoma (n ϭ 6), squamous cell lung carcinoma (n ϭ 5), colon adenocarcinoma (n ϭ 11), bronchoalveolar carcinoma (n ϭ 5), and lung adenocarcinoma (n ϭ 12) who underwent surgical resection. The investigations have been conducted according to the Declaration of Helsinki principles and were approved by the local institutional review board and ethics committee. 5-m tissue sections were deparaffinized in xylene and rehydrated through graded ethanol washes. Antigen retrieval was performed by the treatment of tissue sections with Fast Enzyme (Zymed Laboratories Inc.) for 10 min at room temperature. Immunohistochemistry was performed using a ZytoChem-Plus AP PolymerKit according to the manufacturer's instructions (Zymed Laboratories Inc.). A rabbit anti-ENO-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was applied overnight at 4°C. Negative control was performed by replacing the primary antibody with a species-matched isotype control. The slides were scanned with a Mirax desk digital slide scanner (Zeiss) and analyzed using a Mirax viewer.
Western Blotting-100 g of biotinylated proteins or 20 l of exosomal fraction were separated on a 10% SDS-PAGE under reducing conditions, followed by electrotransfer to a PVDF membrane (GE Healthcare). After blocking the membrane with 5% nonfat milk (Sigma-Aldrich) in TBS-T (5 mM Tris-Cl, 150 mM NaCl, 0.1% Tween 20, pH 7.5), the membrane was probed with one of the following antibodies: rabbit anti-ENO-1, mouse anti-GFP (both from Santa Cruz Biotechnology), mouse anti-26S proteasome subunit (P26S; Abcam, Berlin, Germany), mouse anti-␤1-integrin, mouse anti-CD63 (both from Millipore, Schwalbach, Germany), mouse anti-heat shock protein 70 (Hsp70; generous gift from Dr. M. Korfei, Department of Internal Medicine, University of Giessen Lung Centre, Giessen, Germany). Afterward, the membrane was incubated with peroxidase-labeled secondary antibody (all from Dako, Gostrup, Denmark). Final detection of proteins was performed using an ECL Plus kit (Amersham Biosciences). To determine the amounts of protein loaded on the gel, blots were stripped and reprobed using a mouse anti-␤-actin antibody (Sigma-Aldrich).
Cell Surface Biotinylation Assay-MDA-MB-231, MCF-7, and MDA-MB-435 cells were treated for 2, 4, and 6 h with 10 g/ml LPS serotype O111:B4 (Calbiochem, Darmstadt, Germany), 50 ng/ml TNF-␣, 20 ng/ml TGF-␤1, or 100 ng/ml chemokine (C-C motif) ligand 2 (CCL2; all from R&D, Wiesbaden, Germany). In other experiments MDA-MB-231 cells were pretreated for 1 h with brefeldin A (BD Biosciences, Heidelberg, Germany), glyburide, methylamine, ouabain, ionophore A23187, 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ tetraacetic acid (BAPTA), cyclopiazonic acid (CPA), or YM58483 (all from Sigma-Aldrich) and then stimulated with 10 g/ml LPS for 2 h. Afterward, the cells were labeled with 1 mg/ml EZ-link NHS-SS-biotin (Thermo Scientific, Schwerte, Germany) for 1 h at 4°C, rinsed three times with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 ) containing 100 mM glycine, and solubilized in cell lysis buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 50 mM NaF, 5 mM ␤-glycerophosphate, 2 mM EDTA, 2 mM EGTA, 1 mM sodium orthovanadate, 0.1% Triton X-100) containing protease inhibitor mixture (Roche Diagnostics). Protein concentration was determined using a Pierce BCA protein assay kit (Thermo Scientific) according to the manufacturer's instructions. 100 g of proteins were incubated overnight at 4°C with end over end shaking with NeutrAvidin-agarose resin beads (Thermo Scientific). Finally, beads were washed and resuspended in 25 l of 2ϫ Laemmli sample buffer (10% SDS, 20% glycerol, 0.2 M Tris-HCl, 0.05% bromphenol blue, 10% ␤ mercaptoethanol). The samples were analyzed by Western blotting as described above.
Generation of MDA-MB-231 Cells Stably Expressing GFPtagged ENO-1-MDA-MB-231 cells stably transfected with pEGFP-C1 (GFP-EV) and pEGFP-C1-ENO-1WT (GFP-ENO-1) were generated as previously described (21) .
Cell Proliferation Assay-Proliferation of MDA-MB-231 cells and stable transfectants was determined by a DNA synthesis assay based on the uptake of [ 3 H]thymidine (PerkinElmer Life Sciences). Cells were cultured in 48-well plates, growtharrested in serum-free RPMI medium and left unstimulated or stimulated with 10 g/ml LPS for 8 h. Subsequently, cells were pulsed with 0.2 Ci/ml [ 3 H]thymidine for 16 h. Afterward, cells were solubilized in 0.5 M NaOH, and [ 3 H]thymidine incorporation was determined by liquid scintillation spectrometry.
Trichloroacetic Acid Precipitation of Proteins-Proteins present in conditioned cell culture media were precipitated with TCA (Sigma-Aldrich). Briefly, MDA-MB-231 cells were stimulated with 10 g/ml LPS for 2, 4, or 6 h. After the indicated time points, supernatants were collected, mixed with TCA (final concentration, 10%), vortexed, and incubated for 10 min at 4°C. The precipitated proteins were collected by centrifugation at 20,000 ϫ g for 45 min at 4°C. The pellets were washed twice with 70% ice-cold ethanol, air-dried, and resuspended in 5ϫ Laemmli sample buffer.
Exosome Isolation-Exosomes were isolated either from unstimulated GFP-EV and GFP-ENO-1 cells or stimulated MDA-MB-231, MCF-7, and MDA-MB-435 cells. Briefly, MDA-MB-231, MCF-7, and MDA-MB-435 cells were treated for 24 h with 1 g/ml LPS, 50 ng/ml TNF-␣, 20 ng/ml TGF-␤1, or 100 ng/ml CCL2. In other experiments MDA-MB-231 cells were preincubated with A23187, BAPTA, or YM58483 for 1 h and then stimulated with 1 g/ml LPS for 24 h. Exosomes were isolated from 10 ml of conditioned culture media that were first centrifuged at 800 ϫ g for 10 min at room temperature to sediment cells and then centrifuged at 10,000 ϫ g for 10 min at 4°C (Optima LE-80K ultracentrifuge; Beckman, Ramsey, MN) to remove the cellular debris. Exosomes were pelleted by centrifugation at 100,000 ϫ g for 3 h at 4°C. Finally, the exosome pellet was washed once with PBS and resuspended in 100 l of PBS. A 20-l exosomal fraction was mixed with 5ϫ Laemmli sample buffer and analyzed by Western blotting. The viability of the treated cells was assessed in each experiment using a cytotoxicity detection kit (Roche Diagnostics).
Exosome Uptake-Exosomes were purified from cell culture supernatants of GFP-EV and GFP-ENO-1 stably transfected cells according to the above mentioned protocol. The purified exosomes were resuspended in 100 l of PBS. MDA-MB-231 cells were cultured in complete RPMI medium on microscope coverslips in 6-well plates. Cells were serum-starved overnight and then incubated with purified exosomes for 30 min at 37°C. Subsequently, the cells were washed three times with cold PBS, fixed with 4% paraformaldehyde for 10 min at 4°C, incubated with rhodamine-conjugated phalloidin (Invitrogen Life Technologies) for 10 min at room temperature, and mounted with Vectashield mounting medium (Vector). The nuclei were visualized by DAPI staining. The images were captured by Leica DMR microscope (Leica, Heidelberg, Germany). Post processing and image analyses were done with a MetaMorph TM (Leica Microsystems, Wetzlar, Germany).
Electron Microscopy-Exosomes were fixed with 2% paraformaldehyde and deposited onto Butvar carbon-coated grids. The vesicle-coated grids were washed twice with PBS, twice with PBS containing 50 mM glycine, and finally with PBS containing 0.5% BSA (PBS, 0.5% BSA), stained with 2% uranyl acetate, and then viewed with a transmission electron microscope (Zeiss EM900; Zeiss, Jena, Germany). For the immunogold labeling, exosome samples were absorbed onto a carbon coated Butvar film on 300 mesh nickel grids, washed in PBS containing 10 mM glycine for 5 min, and then washed in PBS only. Samples were placed onto 25-l drops of 0.4% skim milk in water for 5 min, blotted dry on filter paper, and then placed on 25- ] i was calculated as described by Grynkiewicz et al. (30) . Maximal and minimal ratio values were determined at the end of each experiment by first treating the cells with 10 M ionomycin (maximal ratio) and then chelating all free Ca 2ϩ with 20 mM EGTA (minimal ratio). Cells that did not respond to ionomycin were discarded. After 3 min of baseline measurement, the cells were stimulated with 10 g/ml LPS for 10 min in the absence or presence of extracellular Ca 2ϩ . In the next set of experiments, after baseline measurement, cells were pretreated with 20 M BAPTA or 50 M CPA followed by 10 min of 10 g/ml LPS treatment. For data analysis, the basal level of Ca 2ϩ was determined as an average value of the first 50 s of the curve. Then, after subtracting the baseline, the LPS-induced Ca 2ϩ peak height was calculated and is presented as ⌬[Ca 2ϩ ] i. All chemicals were dissolved and diluted to the desired concentrations in Ringer solution. All the solutions were freshly prepared on the day of the experiment and stored at 4°C until they were used.
Antisense Oligonucleotides-Commercially available siRNA sequence directed against human stromal interaction molecule (STIM) 1 (Thermo Scientific), human calcium release-activated calcium modulator (ORAI) 1 (Life Technologies), and a universal negative-control siRNA (Thermo Scientific) were employed. Cells were starved overnight and then treated with 100 nM siRNA using the siLentFect TM lipid transfection reagent (Bio-Rad) according to the manufacturer's instructions. After 72 h, cells were split and seeded onto 6-well tissue cultures plates, serum-starved overnight, and then treated one more time with 100 nM siRNA for 48 h. The efficacy of STIM1 and ORAI1 knockdown was assessed by real time RT-PCR.
RNA Isolation and Real Time RT-PCR-Isolation of RNA from formalin-fixed, paraffin-embedded tumor tissue and adjacent nontumorous tissue was performed as previously described (31) . Isolation of RNA from MDA-MB-231 cells was performed using a peqGOLD total RNA kit (Peqlab, Erlangen, Germany) according to the manufacturer's instructions. Real time RT-PCR (qRT-PCR) was performed as described previously (14) to amplify transcripts of human ENO-1, human STIM1, human ORAI1, subunit of human L-type calcium channel (LTCC Ca v 1.2), human ␤-actin (␤-ACT), and human porphobilinogen deaminase (PBGD) ( Table 1) . PBGD and ␤-ACT were used as reference genes. Cycling conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Melting curve analysis and gel electrophoresis were performed to confirm the exclusive amplification of the expected PCR product. All changes in the target gene mRNA levels are presented as ⌬Ct, which was calculated by subtracting the Ct value of the target gene from the Ct value of the reference gene. The higher values of ⌬Ct correspond to higher relative expression of the gene of interest.
Lactate Dehydrogenase Release or Cytotoxicity Assay-MDA-MB-231 cells were stimulated with 10 g/ml LPS for 2, 4, or 6 h. After the indicated time points, lactate dehydrogenase release was assessed using a cytotoxicity detection kit (Roche Diagnostics) according to the manufacturer's instructions. MDA-MB-231 cells treated with 1% Triton X-100 for 5 min were used as a positive control.
Wound Healing Assay-MDA-MB-231 cells or cells stably transfected with GFP-EV and GFP-ENO-1 were seeded onto 6-well tissue culture plates and serum-starved overnight. MDA-MB-231 cells were stimulated either with 10 g/ml LPS alone or in combination with a peptide blocking binding of PLG to ENO-1 (KFAGRNFRNPLAK; kindly provided by Dr. S. Bergmann, Institute of Microbiology, Technical University Braunschweig, Braunschweig, Germany) or a scramble peptide (KFAGRNFRNPLA; Thermo Scientific). Cells were washed with PBS, and wounds were incised by scratching the cell monolayers using a pipette tip. Images of the scratch were captured with a microscope immediately after incision (0 h) and 8 h after scratching to assess the rate of gap closure.
Transwell Invasion Assay-Invasion assay was performed either with unstimulated GFP-EV and GFP-ENO-1 cells or stimulated MDA-MB-231 cells. Briefly, MDA-MB-231 cells were starved overnight and stimulated either with 1 g/ml LPS or with exosomes isolated from GFP-EV and GFP-ENO-1 cells. Cells (5 ϫ 10 4 ) were added into the upper chamber containing the fibronectin-coated polycarbonate membrane (8-m pore size; BD Biosciences). 500 l of RPMI medium containing 2% FCS was added into the lower chamber of the Transwell. Cells were then cultured for 16 h at 37°C. Afterward, cells on the upper surface of the polycarbonate membrane of the Transwell were removed with a cotton swab, and the cells that migrated onto the underside of the membrane were fixed with acetone/ methanol (1:1) solution, washed with PBS, and stained with 0.5% crystal violet for 30 min. Cells that migrated to the lower surface of the filter were counted.
Statistics-The statistical analysis was performed using a GraphPad Prism version 5.02 for Windows (GraphPad Software, La Jolla, CA). The data are presented as mean values Ϯ S.E. unless otherwise stated. Differences between two groups were tested using a Student's t test. Comparison of multiple groups was performed by analysis of variance followed by Tukey's post hoc test or using a Bonferroni's multiple comparison test for the live cell Ca 2ϩ imaging data. All tests were performed with an undirected hypothesis. A p value less than 0.05 was considered as statistically significant.
RESULTS

Expression of ENO-1 Is Elevated on the Cell Surface of Cancer Cells and Contributes to Cancer
Cell Invasion-To investigate the role of cell surface-bound ENO-1 for cancer cell invasion, we first determined the expression levels of this protein in different tumor types. Immunohistochemical staining of breast ductal carcinoma, squamous cell lung carcinoma, colon adenocarcinoma, bronchoalveolar carcinoma, and lung adenocarcinoma revealed high ENO-1 protein expression in cancer cells (Fig. 1A , indicated by arrowheads). qRT-PCR confirmed high ENO-1 mRNA expression in tumor tissue as compared with adjacent nontumorous tissue (Fig. 1B) . Because the highest ENO-1 expression was detected in ductal carcinoma of the breast, in further studies we focused on the role of ENO-1 in breast cancer cell motility. Cell fractionation revealed markedly increased levels of cell surface-associated ENO-1 in metastatic breast cancer cell line MDA-MB-231 as compared with primary human mammary epithelial cells (Fig. 1C) . To verify ENO-1 distribution in cancer cells, MDA-MB-231 cells were -dependent Extracellular Transport of Enolase-1 transfected either with GFP alone (GFP-EV) or GFP-tagged ENO-1 (GFP-ENO-1), and the localization of ENO-1 was examined by fluorescence microscopy. Although GFP was exclusively expressed in the cytoplasm (Fig. 1D, left panel) , GFP-ENO-1 was present in the cytoplasm, as well as on the cell surface (Fig. 1D, right 
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231 cells with GFP-ENO-1 enhanced their migratory (Fig. 1 , E and F) and invasive ( Fig. 1, G and H) properties. These effects were dependent on the impact of ENO-1 on cancer cell motility because overexpression of GFP-ENO-1 did not increase the number of cells (Fig. 1I) .
LPS Up-regulates Cell Surface Expression and Release of ENO-1 into the Extracellular
Space-Inflammation has long been thought to contribute to tumor progression, for example, by influencing the invasive potential of cancer cells (24) . In line with this notion, treatment of MDA-MB-231 cells with LPS markedly augmented their migratory and invasive properties (Fig. 2, A-D) . The increased migration of MDA-MB-231 cells observed in the presence of LPS was abolished by a peptide directed against the C-terminal part of ENO-1 involved in the binding of PLG (Fig. 2, A and B) (15) . Stimulation of cells with LPS did not affect their growth (Fig. 2E) . LPS-mediated increase in cell migration was accompanied by elevated cell surface expression of ENO-1. Alterations in cell membrane-bound ENO-1 levels were visible 2 h after stimulation and remained unchanged thereafter (Fig. 2F) . Moreover, LPS-induced mobilization of ENO-1 on the cell surface was TLR-4-dependent because preincubation of cells with an anti-TLR-4 blocking antibody inhibited ENO-1 translocation (Fig. 2G) . Augmented levels of cell surface bound ENO-1 occurred in the absence of any detectable changes in total cellular expression of ENO-1 mRNA and protein (Fig. 2, H and I) , suggesting that alterations in cell surface ENO-1 abundance are independent of new protein synthesis. Interestingly, there was not only an increased ENO-1 translocation to the cell surface but also an increased release into the extracellular space (Fig. 2J) . Elevated extracellular levels of ENO-1 were positively correlated with the markers of exosomes, CD63 and Hsp70, implying that ENO-1 is secreted from LPS-treated MDA-MB-231 cells in the form of vesicles (Fig. 2J) . To exclude that the release of ENO-1 is a result of cell damage, a lactate dehydrogenase assay was performed. This experimental procedure revealed no impact of LPS on cell viability (Fig. 2K ). To examine whether the level of cell surface ENO-1 associates with the metastatic potential of cancer cells, ENO-1 cell surface expression was explored in a less metastatic breast cancer cell line, MCF-7, and a highly metastatic breast cancer cell line, MDA-MB-435. In contrast to MDA-MB-435 cells, which exhibited high cell surface-bound ENO-1 levels under basal conditions, cell membrane-associated ENO-1 was not detectable on MCF-7 cells (Fig. 2L) . Following LPS exposure, levels of cell surface-bound ENO-1 increased on MCF-7 cells but remained unchanged on MDA-MB-435 cells (Fig. 2L) , suggesting that the level of ENO-1 on the cell surface of MDA-MB-435 cells is already saturated under basal conditions. Altogether, these results imply that there is a positive correlation between the level of cell surface ENO-1 and the invasive potential of cancer cells.
ENO-1 Exteriorization Is Triggered by Stimuli Promoting
Tumor Progression-To study whether ENO-1 exteriorization is stimulus-dependent, MDA-MB-231 cells were treated with TGF-␤1, CCL2, or TNF-␣ and cell surface ENO-1 mobilization, as well as exosome release were analyzed. All aforementioned stimuli were shown to promote cancer progression by enhancing cancer cell proliferation, migration, and invasion (32) (33) (34) . Although TGF-␤1 and CCL2 increased cell surface expression of ENO-1 (Fig. 3, A and C) , TNF-␣ did not promote ENO-1 translocation to the outer leaflet of the plasma membrane (Fig.  3E) . TGF-␤1, CCL2, and TNF-␣ augmented ENO-1 release into the extracellular space, which was accompanied by a concomitant increase in the levels of Hsp70 and CD63 (Fig. 3, B, D, and  F) . Collectively, these results demonstrate that ENO-1 exteriorization is promoted by factors associated with tumor progression.
ENO-1 Released from MDA-MB-231 Cells in the Form of Exosomes Enhances Tumor
Cell Migration-Accumulating evidence suggests that cancer cells secrete abundant levels of exosomes, small (30 -150 nm in diameter) membranous vesicles (35) . Thus, we examined whether ENO-1 detected in the cell culture media of MDA-MB-231 cells is associated with exosomes. Exosomes were isolated by serial ultracentrifugation steps from cell culture supernatants of MDA-MB-231 cells overexpressing GFP-EV or GFP-ENO-1 (Fig. 4A) . Electron microscopy confirmed the presence of double membrane vesicles with a size range between 100 and 150 nm in the recovered high speed pellets (Fig. 4B, upper panel) . Enolase-1, detected by an anti-ENO-1 antibody coupled to gold particles, was observed on the surface of exosomes (Fig. 4B, lower panel) . Purified exosomes were further analyzed by Western blotting. Despite similar expression levels of GFP and GFP-tagged ENO-1 in MDA-MB-231 total cell lysates, only GFP-ENO-1 was found in exosomes (Fig. 4C) . In addition to GFP-ENO-1, isolated exosomes were positive for CD63 and Hsp70 (Fig. 4C) . To assess whether the LPS-triggered increase in the amount of extracellular ENO-1 is a result of augmented exosome secretion, exosomes were isolated from LPS-treated MDA-MB-231 cells and subjected to Western blotting with an anti-ENO-1 antibody. Stimulation of cells with LPS resulted in increased levels of ENO-1, which was accompanied by a concomitant increase in the levels of Hsp70 and CD63 (Fig. 4D) . Because LPS did not potentiate cell proliferation, changes in the cell number 
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could not account for the observed effect. To assess a functional role of exosomal ENO-1 in cancer cells, an exosome uptake assay was performed. Immunofluorescence analysis demonstrated uptake of GFP-ENO-1-loaded exosomes by parental MDA-MB-231 cells and their redistribution in the perinuclear region (Fig. 4E) . To determine whether exosomal ENO-1 is able to influence migratory and invasive properties of recipient cells, wound healing and Transwell invasion assays were performed in the presence of exosomes isolated from cells overexpressing either GFP alone or GFP-tagged ENO-1. The rate of wound closure was markedly increased when GFP-ENO-1 loaded vesicles were applied (Fig. 4, F and G) . Similarly, invasion of MDA-MB-231 cells was enhanced when exosomes isolated from cells overexpressing GFP-ENO-1 were used (Fig. 4, H and I) . These results support the functional role of exosomal ENO-1 in the regulation of cancer cell motility. To assess whether LPS potentiates release of ENO-1 into the extracellular space from other breast cancer cell lines, MCF-7 and MDA-MB-435 cells were analyzed for exosome production. ENO-1, Hsp70, and CD63 were not detected under basal conditions and upon LPS stimulation when MCF-7 cells were employed (Fig. 4J) . MDA-MB-435 already displayed high extracellular levels of ENO-1, Hsp70, and CD63 under basal condition. LPS stimulation did not further increase exosome production in these cells (Fig. 4J) . The observed differences in exosome secretion cannot arise from dissimilarities in cell growth because exosomes were always isolated from the same number of cells, irrespective of the conditions applied. Together, our results suggest that not only the level of cell surface-bound ENO-1 but also the amount of ENO-1 released into the extracellular space in the form of exosomes correlate with the invasive/metastatic potential of cancer cells.
Translocation of ENO-1 to the Cell Surface of MDA-MB-231 Cells Occurs via a Nonclassical Secretory Pathway-Because
ENO-1 lacks an N-terminal signal peptide motif, which is required for endoplasmic reticulum/Golgi targeting (36), a nonconventional protein secretion pathway has been suggested to explain the transport of ENO-1 to the cell surface. To verify this notion, several biochemical approaches were applied. Preincubation of MDA-MB-231 cells with brefeldin A, a known blocker of endoplasmic reticulum/Golgi transport, did not inhibit translocation of ENO-1 to the cell surface upon exposure of cells to LPS, implying that a nonclassical secretion pathway is involved (Fig. 5A ). Several mediators of nonconventional cell surface protein expression have been described, including ABC transporter, endosomal recycling, and Na ϩ /K ϩ ATPase. However, glyburide, an ABC transporter inhibitor; methylamine, an endosomal recycling blocker; and ouabain, a Na ϩ /K ϩ ATPase antagonist had no effect on LPS driven transport of ENO-1 to the cell surface (Fig. 5, B-D) .
LPS-driven ENO-1 Exteriorization Is Mediated by Ca
2ϩ -Because LTCCs have been implicated in the exteriorization of another PLG receptor, histone 2B (37), we next investigated the role of Ca 2ϩ in the transport of ENO-1 to the cell surface. First, preincubation of MDA-MB-231 cells with the Ca 2ϩ ionophore A23187 induced a time and concentration-dependent translocation of ENO-1 to the cell surface (Fig. 6A) . To elucidate whether LPS and A23187 share a common pathway to regulate ENO-1 exteriorization, MDA-MB-231 cells were simultaneously treated with these two reagents. Although A23187 and LPS increased the transport of ENO-1 to the cell surface, this effect was not additive when both stimuli were applied at the same time (Fig. 6B) , indicating that A23187 and LPS use a similar mechanism to regulate ENO-1 cell surface abundance. To 
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further explore the involvement of Ca 2ϩ in LPS-triggered transport of ENO-1 to the cell surface, the levels of intracellular Ca 2ϩ were depleted by pretreatment of MDA-MB-231 cells with the Ca 2ϩ chelator BAPTA. As depicted in Fig. 6C , BAPTA blocked LPS-driven ENO-1 translocation. Similar results were obtained when CPA, an inhibitor of endoplasmic reticulum Ca 2ϩ ATPase pump, was used (Fig. 6D) . To investigate whether the release of ENO-1 into the extracellular space also depends on Ca 2ϩ levels, MDA-MB-231 cells were first preincubated with the Ca 2ϩ ionophore A23187. A23187 augmented exosomal levels of ENO-1, which positively correlated with elevated levels of CD63 and Hsp70 (Fig. 6E) . Similar results were obtained when MDA-MB-231 cells were exposed to LPS. Moreover, LPS-driven release of exosomal ENO-1 was blocked by BAPTA. Notably, BAPTA alone completely abolished the release of exosomes into the extracellular space (Fig. 6F) . To demonstrate the direct effect of LPS on Ca 2ϩ levels, cells were treated either with LPS alone or in combination with BAPTA or CPA, and intracellular Ca 2ϩ was measured by live cell imaging. There was no difference in the basal intracellular calcium level of the cells, regardless of the treatment or the presence of extracellular calcium (Fig. 6, G and H) . The LPS-induced intracellular calcium increase was significantly diminished by removal of the extracellular calcium or 10 min of BAPTA or CPA treatment (Fig. 6, G and I) . These data indicate that LPS-induced ENO-1 exteriorization is calcium-dependent.
Blockage of STIM1/ORAI1 Inhibits LPS-induced ENO-1 Exteriorization-To further investigate the role of Ca
2ϩ in the regulation of ENO-1 translocation, the expression STIM1 and its interacting partner ORAI1, a member of store-operated calcium (SOC) channels, as well as the Ca v 1.2 subunit of LTCC, was assessed. We focused on STIM1, ORAI1, and Ca v 1.2 LTCC because these Ca 2ϩ channels have been found to control translocation of other PLG receptors to the cell surface and to regulate LPS-induced inflammatory responses (37) (38) (39) . Whereas STIM1 and ORAI1 mRNA were detected in MDA-MB-231 cells, Ca v 1.2 was not expressed in this cell line (Fig. 7A) . To determine the potential role of STIM1 and ORAI1 in LPS triggered transport of ENO-1 to the cell surface and to the extracellular space, a selective SOC channel inhibitor YM58483 was employed. Pretreatment of MDA-MB-231 cells with YM58483 suppressed, in a dose-dependent manner, LPS-induced translocation of ENO-1 to the cell surface (Fig. 7B) and to the extracellular space (Fig. 7C) , suggesting an essential role of SOC channels in LPS-mediated ENO-1 exteriorization. To exclude nontarget effects of the YM58483 inhibitor, siRNA directed against STIM1 and ORAI1 was applied. Depletion of STIM1 markedly decreased LPS-driven translocation of ENO-1 to the cell surface (Fig. 7D) . Similar results were obtained when ORAI1 siRNA was employed (Fig. 7E) . Efficiency of STIM1 and ORAI1 knockdown in MDA-MB-231 cells is demonstrated in Fig. 7 (F and G) . To prove the direct involvement of STIM1/ ORAI1 in LPS-mediated Ca 2ϩ influx in GFP-EV and GFP-ENO-1 cells, the cells were transfected with STIM1 or ORAI1 siRNA, and the changes in intracellular Ca 2ϩ were measured by live cell imaging. As depicted in Fig. 7 (H-J) , GFP-ENO-1 cells displayed increased intracellular Ca 2ϩ levels upon LPS stimulation as compared with LPS-treated GFP-EV cells. Depletion of STIM1 or ORAI1 significantly reduced LPStriggered Ca 2ϩ influx as opposed to the cells treated with control siRNA in both cell types (Fig. 7J) . These results suggest that overexpression of ENO-1 alters intracellular Ca (Fig. 8, A and B) . To confirm these results, cells transfected either with GFP-EV or GFP-ENO-1 were treated with siRNA directed against STIM1 or control siRNA. A clear tendency toward reduced cell migration was observed in ENO-1-overexpressing cells treated with STIM1 siRNA as compared with the control siRNA transfected cells (Fig. 8, C and D) . Similar results were obtained when ORAI1 siRNA was employed (Fig. 8, E and F) . To further confirm that suppressed migration of MDA-MB-231 cells is a result of decreased ENO-1 cell surface expression, STIM-1 depleted nonoverexpressing MDA-MB-231 cells were treated with a peptide directed against the C-terminal part of ENO-1 involved in the binding of PLG, and a wound healing assay was performed. Treatment of cells with the ENO-1 peptide or STIM1 siRNA considerably reduced their migratory properties; however, this effect was not potentiated when two reagents were applied at the same time (Fig. 8, G and H) . These results support the crucial role of STIM1-mediated Ca 2ϩ influx in ENO-1-dependent cell migration.
DISCUSSION
Enolase-1 is a glycolytic enzyme primarily localized in the cytoplasm of prokaryotic and eukaryotic cells (12) . However, under stimulatory conditions, ENO-1 can be translocated to the cell surface, where it acts as a PLG receptor (13) . Accumulation of PLG on the cell surface and its subsequent conversion to plasmin contribute to the modulation of pericellular proteolytic activity and thus to the regulation of migratory properties of numerous cell types including cancer cells (14, 40) . Although increased abundance of ENO-1 was described on the cell surface of cancer cells, the contribution of cell surface-bound ENO-1 to the increased migratory and the invasive properties of tumor cells, as well as the mechanism underlying ENO-1 exteriorization, have not yet been reported. In the present study, we demonstrate that LPS potentiates ENO-1 exteriorization in cancer cells, thereby increasing their motility. This phenomenon is mediated by a nonclassical protein secretion pathway and depends on Ca 2ϩ levels regulated by STIM1 and ORAI1.
Enolase-1 expression is altered in many cancer types, and several mechanisms seem to account for the indicated changes in ENO-1 production. First, ENO-1 is located in the chromosomal region 1p36 (41) , which is frequently rearranged in human malignancies. Second, hypoxia drives transcription of the ENO-1 gene through a hypoxia-inducible factor 1 binding element (42) . Third, the expression of ENO-1 is elevated in cells overexpressing prooncogenic c-Myc (43) . In line with these considerations, high levels of ENO-1 were found in many types of cancer, including head, neck, breast, and lung cancer (44) . High levels of ENO-1 in cancer cells correlate with cancer progression and a poor clinical outcome of the affected patients (12) . Ectopic overexpression of ENO-1 promotes cell proliferation, migration, invasion, and colony formation, thereby contributing to metastasis formation (19, 21, 45) . The ability of ENO-1 to regulate so many processes related to cancer cell biology results from its participation in glucose metabolism and therefore in energy production, as well as its capability to modulate expression of genes involved in cell growth and inflammation (45) . Our data indicate that altered cell surface expression of ENO-1 and thus augmented pericellular proteolytic activity may also contribute to its prooncogenic functions. Consistent with this notion, a direct link between the cell surface amount of PLG receptors and invasiveness of cancer cells has been demonstrated (46) .
Although high cell surface expression of ENO-1 has been detected on cancer cells, our results indicate that inflammatory conditions may further increase cell surface levels of this glycolytic enzyme. LPS-induced inflammatory responses have been shown to regulate cancer development/ progression in several ways: (i) they may potentiate expression of proteins involved in the breakdown of the extracellular matrix (47); (ii) increase adhesive properties of cancer cells that are essential for the metastatic colonization of a normal tissue (25) ; (iii) induce recruitment of inflammatory cells into the tumor microenvironment, which in turn can contribute to extracellular matrix turnover (48); (iv) regulate angiogenesis (49) ; and (v) modulate, as indicated by our study, the cell surface-associated proteolysis by triggering PLG receptor exteriorization. LPS-triggered ENO-1 translocation was found to be independent of the classical endoplasmic reticulum-Golgi pathway and de novo protein synthesis, and it was associated with increased levels of Ca 2ϩ . The elevated levels of cell surface bound ENO-1 contributed to increased cancer cell motility, highlighting the functional importance of this phenomenon. Strikingly, our results imply that ENO-1 is not only translocated to the cell surface of tumor cells but also released into the extracellular space in the form of exosomes. A growing body of evidence suggests that exosomes may act as regulators of cell to cell communication. This concept is based on the finding that exosomes released from a given cell type may interact with other cells, leading to target cell stimulation (50) . Exosomes may influence the behavior of target cells in multiple ways. For example, they can activate signaling complexes by direct stimulation of target cells or deliver genetic information/proteins to recipient cells (50) . Thus, exosomes were found to regulate a variety of processes, including cell proliferation, differentiation, migration, and invasion (50) . Tumor cells were found to release large amounts of exosomes (35) . Exosomes derived from the tumor may transfer oncogenes and proangiogenic signals to stromal cells and thus promote tumor vascularization. Additionally, they can contribute to stromal remodeling and tumor cell invasion by carrying active matrix metalloproteinases (50) . In view of these results, it is tempting to speculate that exosomal ENO-1 could contribute to tumor progression either by concentrating proteolytic activity on the cancer cell surface or by enlarging the cytoplasmic pool of ENO-1 and, by doing this, regulating expression of the genes involved in cell growth, migration, and inflammation. However, it is unclear whether exosomal ENO-1 increases the migratory and invasive properties of target cells by being reattached to the cell membrane or by being endocytosed and consequently translocated to the cell surface. The fact that the mechanism of ENO-1 release into the extracellular space in response to LPS is similar to the mechanism responsible for translocation of this glycolytic enzyme to the cell surface Ca 2؉ -dependent Extracellular Transport of Enolase-1 implies that these two processes may occur simultaneously or successively. Namely, cell surface localization of ENO-1 may assure its association with the intralumenal vesicles of the multivesicular endosomes and its further release into the extracellular space in the form of exosomes. Rebinding of exteriorized ENO-1 to the cell surface closes the cycle of ENO-1 extracellular transport. A similar mechanism has been proposed to explain extracellular localization of annexin A2 (51) . Nonetheless, it still remains to be elucidated which part of ENO-1 stays on the cell surface and which one is packed into exosomes and where the decision about ENO-1 sorting is made.
Our previous study points toward the role of caveolin-1 (cav-1), the main scaffolding protein of caveolae, in the transport of ENO-1 to the outer leaflet of the plasma membrane (21) . A growing body of evidence suggests that elevated expression of cav-1 in advanced stages of cancer promotes tumor cell proliferation and spreading (52, 53) . This phenomenon can be partially explained by cav-1-dependent stimulation of store operated Ca 2ϩ entry (SOCE) and thus activation of multiple signaling pathways (54) , which in turn may initiate cav-1 expression (55), thereby creating a positive feedback loop. In view of these results, it is tempting to speculate that altered levels of intracellular Ca 2ϩ not only affect expression of cav-1 but also facilitate its binding to ENO-1 and thus the transport of this glycolytic enzyme to the cell surface, finally leading to increased pericellular proteolytic activity and thus cell spreading. LPS, as a modulator of SOCE activity (38) and cav-1 expression (56), may perpetuate all events.
Although molecular details of the pathway(s) governing Ca 2ϩ -mediated ENO-1 extracellular localization in tumor cells remain to be deciphered, we show here a critical role for STIM1 and ORAI1 in this process. STIM1 molecules in the endoplasmic reticulum and ORAI1 proteins in the plasma membrane are two main components of SOCE that can couple into a pore-forming complex to regulate levels of intracellular Ca 2ϩ . Stimulation of STIM1 can activate SOCE, leading to sustained extracellular calcium influx (57) . Several studies demonstrated a critical role of STIM1 in cancer cell migration and metastasis formation (58, 59) . Concomitantly, overexpression of STIM1 has been observed in various types of human cancer, and it was found to have a diagnostic as well as prognostic value (60) . Given the fact that STIM1-and ORAI1-dependent ENO-1 exteriorization markedly contributes to increased breast cancer cell motility, pharmacological blockers of either STIM1 or ORAI1 could represent one possible approach in anti-cancer therapy. Supporting this concept, suppression of STIM1 in the animal model of human glioblastoma significantly inhibited tumor growth and metastasis formation (58) .
Collectively, our data provide new insights into the mechanism responsible for translocation of ENO-1 to the surface of cancer cells and its release into the extracellular space. The pivotal role of STIM1/ORAI1-mediated Ca 2ϩ influx in the aforementioned processes may, in part, explain the beneficial effect of STIM1 inhibition in the experimental models of cancer.
